In this paper, the negative ion behavior in a C 4 F 8 inductively coupled plasma (ICP) is investigated using a hybrid model. The model predicts a non-monotonic variation of the total negative ion density with power at low pressure (10-30 mTorr), and this trend agrees well with experiments that were carried out in many fluorocarbon (fc) ICP sources, like C 2 F 6 , CHF 3 , and C 4 F 8 . This behavior is explained by the availability of feedstock C 4 F 8 gas as a source of the negative ions, as well as by the presence of low energy electrons due to vibrational excitation at low power. The maximum of the negative ion density shifts to low power values upon decreasing pressure, because of the more pronounced depletion of C 4 F 8 molecules, and at high pressure ($50 mTorr), the anion density continuously increases with power, which is similar to fc CCP sources. Furthermore, the negative ion composition is identified in this paper. Our work demonstrates that for a clear understanding of the negative ion behavior in radio frequency C 4 F 8 plasma sources, one needs to take into account many factors, like the attachment characteristics, the anion composition, the spatial profiles, and the reactor configuration. Finally, a detailed comparison of our simulation results with experiments is conducted. V C 2015 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Negative ions are important reactive species in fluorocarbon (fc) plasma sources used for Si-based etching processes. They play a crucial role in (i) the plasma chemistry, particulate and dust formation, [1] [2] [3] (ii) the plasma physics, plasma instability, 4 the formation of a double layer, 5 and the drift ambipolar bulk field 6 and modified Bohm velocity, 7 as well as in (iii) the etching characteristics, by alleviating the charging effect. 8 Due to their vital role in the fields above, much effort is paid to investigating the negative ion behavior in fc plasmas, like developing diagnostic techniques, [9] [10] [11] characterizing attachment reactions, [12] [13] [14] identifying the negative ion composition, [15] [16] [17] and parametric studies of the anion density by varying pressure and power. [18] [19] [20] Some experiments observed a non-monotonic variation of the negative ion density with applied power at low pressure (10 mTorr) in fc inductively coupled plasmas (ICPs), 19, 20 like CHF 3 , C 2 F 6 , and C 4 F 8 . However, the reason for this trend is not clear yet. In the experimental work of Hebner et al., 19, 20 it was related to a power dependent change in the density of one or more of the potential anion precursor species. However, the explanation was not proven by direct evidence, since experimental studies of the anion behavior usually cannot provide many details of the plasma dynamics. In the modeling work of Refs. 21 and 22, the non-monotonic variation of the anion density with power was also predicted and was attributed to the competition between the increasing rates of dissociation and dissociative attachment of the feedstock molecules, caused by an increase in the electron temperature upon increasing power. 21 Nevertheless, these modeling studies were not purely aimed at investigating the negative ion properties, and hence not all aspects were taken into account.
We believe that the experimentally observed nonmonotonic behavior of the negative ion density is correlated with several factors, the parent attachment characteristics, the anion composition, and the spatial characteristics in the plasma. Therefore, it needs a more systematic study. To verify the above considerations, we use in this paper the hybrid plasma equipment model (HPEM) to elaborately study the anion behavior in a C 4 F 8 ICP source. The specific goals of this work include: (i) exploring the mechanisms that determine the non-monotonic variation of negative ion density with power at low pressure; (ii) studying the pressure dependence of this non-monotonic behavior in a wider pressure range; and (iii) identifying the negative ion composition.
II. MODEL DESCRIPTION
In this section, the HPEM model is described, together with the ICP reactor configuration and the C 4 F 8 chemical reaction set. The model was developed by Kushner and his team. [23] [24] [25] It is composed of several modules and can be used to investigate the electron behavior (like non-local 26 and harmonic effects 27 ), the chemical characteristics (like the chemical composition 28 ) and the surface kinetics (like etching, deposition, and implantation 29 ) . In this work, the three main modules are applied, i.e., the Fluid Kinetics Module (FKM), the Electron Energy Transport Module (EETM), and the Electromagnetic Module (EMM). The flowchart of the hybrid model is given in Fig. 1 . The fluid kinetics module includes a set of fluid equations, like mass, momentum, and energy conservation equations of different species, together with the Poisson equation. It is used to describe the behavior of the charged and neutrals species, and the electrostatic field. The two-dimensional profile of the electron conductivity, obtained from this module, is introduced into the EMM to calculate the fields. The EETM can be based on solving the Boltzmann equation or on a Monte Carlo approach. We made use of the latter, the so-called Electron Monte Carlo Module (EMCM). It accounts for the non-local dynamic behavior of electrons at low pressure. It tracks a number of test particles that are advanced by the known electromagnetic (EM) and electrostatic fields, as well as their collisions with neutrals, and it finally collects the trajectories of the electrons to calculate the electron energy distribution functions (eedfs). The transport and rate coefficients of electrons and the electron temperature, used in the fluid equations of the FKM, are calculated by integrating the eedfs that are multiplied by the related electronimpact cross sections, for the reaction rate coefficients, and by the electron kinetic energy, to obtain the electron temperature. The Electromagnetic Module includes the Maxwell's equations that contain the plasma current density by using the Ohm's heating law. As mentioned above, it produces the spatially revolved EM field. The EM field, together with the electrostatic field from the FKM, is transported back into the EMCM for updating the test particle trajectories. The three modules are iterated with each other until a final steady state is reached. The main equations used in these three modules are given in the Appendix.
The schematic diagram of the ICP reactor considered in this work is given in Fig. 2 . The height and radius of the reactor are 18.3 cm and 15 cm, respectively. Axially, a quartz dielectric window, about 1 cm thick and located at about z ¼ 14 cm, separates the main discharge chamber from the vessel that mounts the two-turn electromagnetic coil. At the bottom of the chamber, a wafer of 10.5 cm in radius is placed. The conventional 13.56 MHz power source is supplied to the coil, and for investigating the bulk plasma properties, the wafer is not biased in this work. The gas flows into the chamber through the gas nozzle and it leaves the chamber through the pumping port at the chamber bottom edge. In all cases, the feedstock gas flow rate is fixed at 30 sccm. The pressure is varied in the range of 10-50 mTorr. Note that the pressure is taken as boundary condition in the fluid equations of the feedstock gas. It is set at the outlet of the chamber. We believe that the bulk of the chamber has a similar pressure as at the outlet, considering that the pressure is low and that a well-stirred approximation can be assumed. The coil power is varied in a wide range, 0.2-4 kW, for better understanding the negative ion behavior. We used a constant mesh size of 0.2 cm in the axial and radial direction. This value is much larger than the Debye length, which is in the order of 0.002 cm at the conditions under study, but this is no problem in this type of hybrid model.
The reaction set for the C 4 F 8 plasma source is mostly based on the work of Ref. 28 . It can, in fact, be divided into different sub-sets, which apply to more simple fc plasma sources, like CF 4 and C 2 F 6 . The reactions of the light CF a (a ¼ 1-4) and C 2 F b (b ¼ 3-6) species, including both neutrals and ions, as well as the electron reactions, were presented in our two previous papers. 30, 31 The reactions of the heavy fc species, like C 3 F c and C 4 F d , are listed in Ref. 32 , where the fragmentation behavior of a C 4 F 8 ICP is studied. In the present paper, the reaction subsets of CF a , C 2 F b , and heavy fc species are separately listed in Tables I-III. The references where these reaction data are adopted from can be found in our previously published papers. [30] [31] [32] Moreover, in this work, we focus on the various negative ion production processes, i.e., the parent and dissociative electron attachments with fc species, as well as their loss mechanisms, like autodetachment, collisional stabilization and dissociation of excited parent anions, and neutralization and collisional detachment of F À . Therefore, these processes are summarized in Table IV for better reference.
In the surface reaction set, all ions and excited neutrals are recycled back into the plasma as ground-state neutrals after neutralization and de-excitation, respectively. The F atoms and light fc neutrals are assumed to stick to the surface with specific probabilities, as explained in detail in Ref. 30 . The heavy fc neutrals are all reflected from the surface into the plasma. We believe that this assumption will not strongly influence the main characteristics of this fc plasma source, since many experiments already revealed that light fc neutrals indeed dominate over heavy polymeric species in a C 4 F 8 plasma. [33] [34] [35] [36] The F and CF 3 neutrals will recombine with themselves after sticking on the surface and return into the 
0 Recombination plasma as F 2 and C 2 F 6 molecules, respectively. More details about the surface reaction set can be found in Refs. 30-32.
III. RESULTS AND DISCUSSION
In Section III A, the calculated total and individual anion densities as a function of power, at a pressure of 10, 30, and 50mTorr, are analyzed. Subsequently, the underlying mechanisms determining the anion behavior, i.e., the availability of feedstock molecules and the electron kinetics, are discussed in Section III B. Next, the importance of parent and dissociated negative ions at different discharge conditions is identified in Section III C. Finally, a detailed comparison of our simulation results with existing experimental data is presented in Section III D.
A. Variation of negative ion densities with power and pressure
In Fig. 3 , the total negative ion density and the densities of the main negative ions, i.e., the excited C 4 F 8 À* ions, the ground-state C 4 F 8 À ions, and the F À ions, are plotted versus power, at 10, 30, and 50 mTorr. As seen in Fig. 3(a) , at 30 mTorr, the total negative ion density first increases with power and then decreases. At lower pressure ($10 mTorr), the non-monotonic trend is also visible, but the maximum density moves significantly to lower power values. At higher pressure ($50 mTorr), the density continuously increases with power, i.e., the maximum is not yet reached within the power range under study. The experimentally observed non-monotonic variation of negative ion density with power at 10 mTorr (Refs. 19 and 20) is correctly predicted by the 
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The lifetime of C 4 F 8 À* for autodetachment was measured as 10 ls using time-of-flight mass spectrometry. 13 Thus, we estimated the rate coefficient of this process as 10 5 s À1 .
model. Moreover, the continuously increasing anion density with power at 50 mTorr is similar to the behavior observed in fc ccp sources, in C 4 F 8 , CF 4 , CHF 3 , C 2 F 6 , and C 3 F 8 , under similar discharge conditions ($100 mTorr). 17, 18 From Fig. 3(b) , it is clear that the C 4 F 8 À* density varies with power in almost the same way as the total negative ion density of Fig. 3(a) , at the three different pressures. It indicates that in C 4 F 8 ICP sources, the excited parent anions predominantly determine the variation of the total negative ion density. This is because, as mentioned in Refs. 12-14, for large-size fc molecules, like C 4 F 8 , the cross section for parent attachment is higher than for dissociative attachment, as compared with smaller fc molecules, like CF 4 and C 2 F 6 . This behavior was also reported by Kono and Ohya, 17 who predicted that in a C 4 F 8 ccp source at low power and large availability of feedstock gas, the heavy negative ions, probably the parent anions, dominate. Moreover, it is well known that the residence time of the feedstock gas in an ICP reactor (i.e., around 100 s of ms) is longer than in a ccp (i.e., typically 10 ms), as the ICP reactor size is larger. [38] [39] [40] Thus, the electrons will have more chance for directly colliding with background C 4 F 8 molecules, which enhances even the production of parent anions.
As appears from Fig. 3(c) , the trend of the C 4 F 8 À ground state density with power at the three pressures is basically the same as for the excited C 4 F 8 À* anions. Nevertheless, the variation of the C 4 F 8 À density is always ahead of the C 4 F 8 À* density. In particular, at 30 mTorr, the peak of the C 4 F 8 À density appears at a lower power value (1-1.5 kW) than for the C 4 F 8 À* density (2.5 kW). This is because the C 4 F 8 À ions are exclusively produced by de-excitation of C 4 F 8 À*
, and thus their density evolution will be naturally limited by the concentration of their precursor, C 4 F 8 À* . Besides, the C 4 F 8 À densities are somewhat higher than the C 4 F 8 À* densities. This is because the rate of C 4 F 8 À* de-excitation (reaction No. 43 in Table IV) is quite high, due to the high density of the reactant M, i.e., the sum of all fc neutrals (including C 4 F 8 ), thus leading to a strong transfer of C 4 F 8 À* to C 4 F 8 À . However, in spite of its lower density, C 4 F 8 À* still determines the trend of the total anion density with power, because it is the precursor of C 4 F 8 À . Therefore, in Sec. III B, the production mechanisms of C 4 F 8 À* , and not of C 4 F 8 À , will be analyzed. Fig. 3(d) shows that the F À density continuously increases with power at 30 and 50 mTorr, while at 10 mTorr, it goes over a maximum at a certain power, although this power value is much higher than for the parent anions. The F À ions can be produced by electron dissociative attachment to both C 4 F 8 and fragmented fc neutrals. At high pressure, the continuous increase of the F À density is due to higher production of dissociated fc neutrals with power. The nonmonotonic variation of the F À density at low pressure indicates that both C 4 F 8 and the fc neutrals are depleted by ionization.
B. Production of the negative ions
As mentioned before, the excited C 4 F 8 À* ions determine the total negative ion behavior with power. Hence, we discuss here the production mechanism of this species. We know that the C 4 F 8 À* ions are exclusively produced by parent attachment of electrons with feedstock C 4 F 8 molecules; see reaction No. 8 in Table IV . Thus, the density product of electrons and C 4 F 8 molecules will determine the C 4 F 8 À* density. Therefore, we plot in Fig. 4 (a) this density product against power at the three different pressures, with their maxima set equal to 1. To facilitate the analysis, the C 4 F 8 À* densities, also normalized, are plotted in Fig. 4(b) for comparison. It is clear that the trends in both figures are very similar. There are only some small differences, e.g., at 30 mTorr, the C 4 F 8 À* density has its maximum at 2.5 kW, while the density product peaks at 2.0 kW. The nonmonotonic variation as a function of power for the (spatially averaged) density product at 10 and 30 mTorr can be clarified based on the evolution of its spatial profile with power. Fig. 5 illustrates the product of electron and C 4 F 8 density profiles at different power values and a fixed pressure of 30 mTorr. The product first increases up to 1100 W and then begins to drop. At the same time, the spatial profile of the product changes significantly. At low power, like 500 W, the product reaches its maximum under the dielectric window. When increasing the power up to 2000 W, the peak shifts toward the axis center, and a secondary peak arises near the reactor sidewall, or more specifically near the gas inlet. Upon further increasing the power, the central peak moves downward from the dielectric window toward the reactor bottom, while the secondary peak near the gas inlet becomes more pronounced, and a minimum is reached in the heating area under the dielectric window. The latter is attributed to severe depletion of the C 4 F 8 gas molecules, which are more efficiently converted into reactive species (radicals and ions) upon increasing power. This depletion cannot be counteracted by the increased electron density. Thus, we can conclude that at low power, when the C 4 F 8 depletion is negligible, the C 4 F 8 À* density increases with power, because of the increasing electron density; while at high power, the higher amount of electrons produced cannot counteract the C 4 F 8 depletion, thus resulting in a decreasing C 4 F 8 À* density. This explains the non-monotonic variation of the negative ion density with power at 30 mTorr. The same explanation also holds true at other pressures, but the power value at which the maximum negative ion density is reached, and hence which marks the threshold for significant C 4 F 8 depletion, increases with pressure, which is logical. This mechanism, predicted by the model, corresponds with the explanation proposed by Hebner and Abraham in Ref. 19 , but our model gives more details on the mechanism of how the potential anion precursor species, here the feedstock C 4 F 8 molecules, influence the negative ion density.
As illustrated in Tables I-III , many electron impact vibrational excitations exist, for both the feedstock and the fragmented fc molecules. It is known that these reactions consume a considerable fraction of the deposited power, by forming low energy electrons, and the appearance of the low energy electrons may influence the negative ion behaviour since the anions are produced by low energy electrons. Therefore, in Fig. 6 , we plot the spatially resolved electron energy distribution functions (eedfs) for the same power values as in Fig. 5 , in the low energy range of 0-2 eV, at 30 mTorr. Note that these distribution functions are averaged along the radius, and thus only the axial variation is shown.
It is seen that at low power (500 W) a substantial fraction of low energy electrons exists, and they can be classified into two groups according to their energy and spatial location. The electrons with very low energies, less than 0.2 eV, are situated in the bulk plasma, while the electrons with wider energy distribution are found in the heating region below the coil. Apparently, they are formed by different mechanisms. The bulk plasma low energy electrons are formed because at such low power, the discharge is more localized (cf. Fig. 10(a) ), and hence the energy losses of the bulk electrons through vibrational excitation cannot be effectively compensated by the power source. The low energy electrons in the heating region, on the other hand, are formed by various inelastic electron collisions with high energy thresholds.
Upon increasing the power, the proportions of the two groups of low energy electrons are both reduced, due to the effect of discharge expansion, which will be revealed in Sec. III C, as well as due to the high deposited power density. Naturally, the presence of low energy electrons is helpful for the production of negative ions at low powers, especially for the parent anion production. This may explain why, at 10 and 30 mTorr, the power range in which the C 4 F 8 À* density increases is wider than the range of the product of electron and C 4 F 8 densities, as demonstrated in Fig. 4 . Note that upon increasing the power, the absolute electron density increases, resulting also in an increase of low energy electrons, and this effect can perhaps dominate over the decrease in the proportion of the eedfs caused by the high power density, as mentioned above.
C. Negative ion identification
In this section, we identify the importance of the different negative ions. The calculated CF 3 À anion density is one order of magnitude lower than the F À density, since there are more F À production channels (Nos. 1, 3, 4 , 6, and 9 in Table IV) than CF 3 À production channels (Nos. 2, 5, and 7). Moreover, the cross sections of F À production (e.g., reaction No. 1) are three or four times higher than for CF 3 À production (e.g., reaction No. 2), 41 and finally, the F À ions can directly be produced from the feedstock gas (C 4 F 8 ; see reaction No. 9), which typically has a higher density than the other precursor molecules. Furthermore, in the experiments performed for C 4 F 8 plasmas, the cross sections for the middle mass negative ion production, like C 2 F x À and C 3 F x À , were found to be about two orders lower than for the production of F À and heavy parent anions.
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Hence for simplicity, these anions were not included in our present model. Therefore, in this section, only the excited C 4 F 8 À* ions, ground-state C 4 F 8 À ions, and dissociated F À ions are considered.
Thus, these main negative ions are classified into two types: being (i) the heavy parent anions, i.e., the sum of C 4 F 8 À* and C 4 F 8 À , and (ii) the light dissociated anion, F À . The density ratio of the sum of both parent anions over F À , at the three pressures under study, is plotted vs power in Fig. 7 . In most cases, especially at the pressures of 30 and 50 mTorr, the heavy anions are dominant over the light F À ions, with a density being up to 10 times higher. However, at higher power, the difference in densities is reduced for the three different pressures investigated, and at 10 mTorr and a power !1200 W, when the C 4 F 8 molecules become significantly depleted, the F À ions become more important than the parent anions.
To explain the trends in the different anion compositions, we plot in Figs. 8 and 9 the spatial profiles of the sum of the C 4 F 8 À* and C 4 F 8 À densities (i.e., the parent anions), and the F À density, respectively, at 30 mTorr. As seen in Fig. 8, at low powers, i. e., 500 W and 1100 W, the sum of the parent ion densities is high in the heating region, i.e., under the dielectric window. However, at high powers, i.e., 2000 W and 3000 W, the parent anion densities are high in the downstream part of the chamber, and they reach a minimum in the heating region. This can be explained from the precursor molecules, i.e., C 4 F 8 , which become more and more depleted under the dielectric window at high power (see above and see also Fig. 10, below) .
From Fig. 9 , on the other hand, it is clear that the F À ion densities peak under the dielectric window at all powers investigated, but upon increasing power, the density distribution becomes more smooth. This is caused by the characteristic electron density profile, shown in Fig. 10 , which expands towards the downstream chamber due to the C 4 F 8 depletion. Indeed, as mentioned above, both the feedstock C 4 F 8 molecules and the fragmented fc (C x F y ) species can produce F À ions, by electron dissociative attachment. Upon higher power, the feedstock molecules are depleted, while the fragmented C x F y species become more important and take the role as precursors for F À production. It is well known that the C x F y species, like the fc ions, are mainly produced in the heating region, i.e., under the dielectric window, since the thresholds of electron impact dissociation are high and dissociation is thus caused by high energy electrons. Thus, we can conclude that because of the occurrence of various F À production reactions and hence the sufficient supply of reactant species (first C 4 F 8 and at higher power C x F y ), an expanding electron density profile with power will cause an expanding F À density profile, since the F À production is determined by the electron profile, rather than being precursor-limited.
The maximum of the parent anion density (cf. Fig. 8 ) is only 2.5 times the maximum F À ion density (cf . Fig. 9) ; however, the difference is much larger when comparing the spatially averaged values; cf. Fig. 7 above. Indeed, the F À ion density shows a very local maximum, whereas the sum of the parent anion densities is more spread out in the entire reactor, especially at low powers. This is again because of the large height of ICP reactor, where the downstream volume temporarily stores the C 4 F 8 molecules for parent attachment. This effect is more pronounced at high pressure, like 50 mTorr; cf. Fig. 7 . This is quite different with the case of a thin-sheet CCP source. Indeed, in C 4 F 8 CCPs, it was found that in most discharge conditions (except for the very low power case 17 ), the light F À ions dominate in the anion composition. 42 Our simulations reveal that the short axial distance of the CCP reactor, together with the short residence time, should be responsible for the difference in the anion composition of C 4 F 8 sources, due to the lack of storage possibilities for C 4 F 8 , especially in the downstream chamber part.
At low pressure, i.e., 10 mTorr, the parent anions are still predominant at low power, i.e., 1100 W, but at high power, the spatially averaged F À density becomes larger than the parent ion density, as is clear from Fig. 7 . This is because the C 4 F 8 molecules are now consumed in the entire chamber and the anions are now mainly produced by electron dissociative attachment on C x F y fragments, producing thus mainly F À ions.
D. Validation of the simulations
It should be noted that the above analysis with respect to the non-monotonic anion density in our simulation is based on the spatially averaged values. However, the experimental data related to this behavior were obtained at specific locations. So, to validate our simulations in more detail, in this section we compare the negative ion density with experimental data at similar conditions, although it should be realized that the reactor size in our work is larger than in the experiment in Ref. the other hand, the calculated mean free path of electrons (about 0.13 cm) and ions (about 0.72 cm) in the background gas C 4 F 8 are much smaller than the chamber dimensions, in both our simulations and the experiments, so the main heating mechanism in both cases is Ohmic heating. To conclude, the comparison of the two sets of data, even probed at the same spatial location, is still only based on roughly the same condition. However, we do not expect that this difference influences the final conclusion to a large extent, as analyzed below.
To allow a better comparison with the experiment, 19 we focus on the simulated anion density profiles at 10 mTorr, from which the densities of the individual anions, the total anion, and electron density at the position of 1 cm above the wafer are probed. These results are plotted in Fig. 11 . Note that the non-monotonic variation of the total anion density with power at roughly the same conditions is indeed captured by the model, even though some differences between the simulated and experimental curves are observed. In particular, the experimental total negative ion density is somewhat higher than the calculated value. Moreover, the experimental negative ion density is symmetric relative to its maximum, which is more consistent with the spatially averaged anion density as illustrated in Fig. 3(a) . We believe that the differences are caused by the larger reactor used in our work, as compared with Ref. 19 . Naturally, the storage effect of feedstock gas in the ICP reactor, as revealed above, will be more important as the reactor becomes larger. Correspondingly, the spatial variation of the anion density will be more significant. This can somehow explain the asymmetric feature of the calculated total anion density. In other words, in a smaller reactor, the anion behavior at a certain position corresponds better with the volume averaged value. Finally, also the calculated and measured electron density variations as a function of power are very similar, although the absolute values are clearly different, which is again attributed to the larger reactor size in the calculations.
IV. CONCLUSION
In this paper, the negative ion behavior in a C 4 F 8 ICP source is investigated using a hybrid model. The total negative ion density and the densities of the main anions are presented as a function of the applied power at different pressures. The ground state C 4 F 8 À density is higher than the excited C 4 F 8 À* density, but as the C 4 F 8 À* ions are the precursors for the C 4 F 8 À ground state ions, they determine the general trend of the total anion behavior. The model predicts a non-monotonic variation of the total negative ion density at low and intermediate pressure , which is in agreement with experiments that were conducted in different fc plasma sources. 19, 20 This behavior is explained from the dominant source of excited C 4 F 8 À* , i.e., electron parent attachment of C 4 F 8 . Indeed, the product of electron and C 4 F 8 densities exhibits the same trend upon increasing power. The drop in negative ion density with power above a certain power value is caused by the depletion in the feedstock C 4 F 8 molecule density, which is not compensated by the higher electron density. At low pressure, the C 4 F 8 depletion is more pronounced, and thus the C 4 F 8 À* (and total negative ion) density peaks at lower power. At high pressure (50 mTorr), the C 4 F 8 À* (and total negative ion) density monotonically increases with power within the investigated power range, which is similar to fc ccp sources. Besides, the role of the electron kinetics in determining the anion behavior is discussed, and it is found that the presence of low energy electrons by vibrational excitation enhances the anion production at low power. Furthermore, the negative ion composition is identified in this paper. The parent anion densities (i.e., the sum of C 4 F 8 À* and C 4 F 8 À ) are typically up to one order of magnitude higher than the F À density, especially at high pressure (30-50 mTorr), but the difference becomes smaller at higher power. The dominance of parent anions is because of the larger ICP reactor size, enabling to store the C 4 F 8 precursor molecules. This is quite different with the C 4 F 8 CCP case where the light F À ions are more predominant. Only at low pressure (10 mTorr) and high power, the F À ions become dominant. This is because in this special case, the C 4 F 8 molecules are depleted in the whole chamber volume. Finally, a detailed comparison of our simulation results with the experiments at roughly the same conditions is illustrated. FIG. 11 . Calculated densities of individual anions, as well as the total anion and electron density, probed at 1 cm above the wafer of the chamber, as a function of the ICP power, at 10 mTorr.
APPENDIX: MAIN EQUATIONS APPLIED IN THE HYBRID MODEL
Here, we present the main equations that are used in the three basic modules of the hybrid plasma equipment model (HPEM).
Fluid kinetics module
In the fluid kinetics simulation, the mass, momentum, and energy conservation equations of all charged and neutrals species are solved. The electron, ion, and neutral equations are given separately. Besides, the electrostatic fields that are produced by the net spatial charge density are calculated by the Poisson equation. 
The electron mass and momentum equations are expressed in Eqs. (A1) and (A2). The electron energy equation is not included here since the electron temperature is calculated directly in the Monte Carlo module. Due to the low mass, the drift-diffusion approximation is used for the momentum equation. Here, n e is the electron density, C e is the electron flux density, m e is the electron mass, T e is the electron temperature, k is the Boltzmann constant, en is the electron collision frequency with neutrals, E s is the electrostatic field, and R e is the source term of electron density. 
For the ions, the full set of conservation equations for mass, momentum, and energy are used, as shown in Eqs.
(A3)-(A5). In the momentum equation, Eq. (A4), besides for the inertia term and convective term at the left hand side, the pressure gradient, electrostatic field acceleration, and momentum transfer due to collisions with other species are included in the right hand side (rhs). Here, the expression of M i is P n m n m i þm n n i n n ð t i À t n Þ in , where the sum is based on all considered neutral species n, m i , and m n are the masses of the ion and neutral, n i and n n are the densities of the ion and neutral, t i and t n are the mean speeds of the ion and neutral, and in is the elastic collision frequency between the ion and the neutral. For the energy equation, Eq. (A5), the first and second terms of the rhs denote the thermal conductivity and compressive heating. The Joule heating from the electromagnetic field and electrostatic field are also considered for the ions, and they are represented by the third and fourth terms of the rhs, respectively. The final term of Eq. (A5) represents the energy transfer caused by the elastic collisions and the charge exchange collisions of ions with other particles. Here, the expression of E i is P n 3 m n m i þm n n i n n kðT n À T i Þ in À P n 3n i n n R in kT i , where T i and T n are the temperature of the ion and neutral, k is the Boltzmann constant, and R in is the charge exchange collision frequency between the ion and the neutral. The other variables have the same meaning as above. For more details of the expressions of M i and E i , we refer to Ref. 23. c. Neutral equations @n n @t þ r Á n n u n ¼ R n ;
@n n m n u n @t þ r Á n n m n u n u n ð Þ¼ Àr kn n T n ð ÞÀ r Á p $ þ M n ;
@ n n c n T n ð Þ @t þ r Á n n u n c n T n ð Þ¼rÁjrT n þ ÀP n r Á u n þ E n :
For the neutral kinetics, the same set of fluid equations, Eqs.
(A6)-(A8), are used. However, due to the fact that the neutral densities are generally two orders higher than the ion densities, the viscous effect, represented by the second term of the rhs in Eq. (A7), is taken into account. Besides, the electrostatic field acceleration and the Joule heating term are excluded from the momentum and energy equations. 
The Poisson equation, Eq. (A9), is used to solve the electrostatic field caused by the net charge density. We used a constant mesh size of 0.2 cm in the axial and radial direction. This value is much larger than the Debye length, which is in the order of 0.002 cm at the conditions under study, but this is considered not to be a problem in hybrid models.
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Electromagnetic module
The inductively coupled plasma source can be performed in two modes: E and H modes. In this paper, only the H discharge mode, sustained by the azimuthal component E h , is considered. Moreover, the harmonic approximation is used, i.e., the temporal variations of the electromagnetic
